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Introduction
Carbon nanomaterials (graphene, fullerenes, nanotubes, and carbon nanodots (CNDs) in particular) have been widely studied during the past years due to their optoelectronic properties and their potential applications [1] . The most exciting property of CNDs is their photoluminescence (PL), which can be tuned by varying the excitation wavelength [2, 3] . Furthermore, they show low toxicity and can be synthesized from an unlimited number of carbon sources, with feasible large scale production and excellent chemical-and photo-stability [4e6] . CNDs have been successfully used for different purposes, such as sensing, bio-imaging, drug delivery, photocatalysis, and photovoltaics [7e10] .
The PL mechanism of CNDs and its excitation dependence have been studied in-depth and related to numerous effects, such as quantum confinement (QCE), surface traps and solvent polarity (or "giant red-edge effect"). However, a clear and unified theory is still missing [11] . One of the issues is the CNDs' variability as their composition, structure and properties depend on the raw materials used as carbon sources and the production method (temperature, pressure, solvent) employed.
Numerous synthetic routes have been reported for the production of CNDs, such as laser ablation [12] , electrochemical oxidation [13] , electrochemical etching [14e16], microwave assisted reaction [17] and hydrothermal synthesis [18] . Nonetheless, the control of the process to yield a product homogeneous in size and shape is still challenging. Also, clean and efficient methods to reduce processing times are needed. A possible approach to obtain a uniform material is to use an external template able to restrict the size and shape of the generated nanostructures. In this regard, micelles [19] , mesoporous silica [20] and zeolites [21] have already been used as confining nanoreactors in the production of CNDs. On the other hand, the production of CNDs by pyrolysis (thermal decomposition at high temperatures in the absence of oxygen) is revealed as a simple and efficient method [22] . Therefore, an ideal methodology to synthesize CNDs would be to place the carbon precursor within the pores of an inorganic structure able to withstand the conditions required for pyrolysis. Baldovi et al. [21] proposed this idea using zeolites. However, this required long reaction times of up to 24 h and restricted pore sizes to the sub-nanometric range that involved additional chemical or purification steps to retrieve the CNDs.
Here, we report the synthesis of undoped and N-doped CNDs obtained by a rapid pyrolysis method using ordered mesoporous silica nanorods as hosting nanotemplates. These silica-based nanostructures have been successfully used to: (i) load two different organic precursors such as citric acid (CA) or ethylenediaminetetraacetic acid (EDTA), (ii) induce their thermal decomposition (pyrolysis) within the confined dimensions of their porous walls, and (iii) render a highly uniform size distribution of CNDs. This work attempts to shed light on the PL behavior of CNDs without incurring into the necessity of dissolving the mesoporous silica structure. In many of the common CNDs synthesis methods, a variety of shapes and compositions are possible, due to: (i) the gradients of temperature and concentration that inevitably appear in the batch processes leading to different growth rates for different regions of the reactor and (ii) the possibility of agglomeration of growing nanoparticles during the long synthesis processes. By confining the precursors into a porous structure we expect to alleviate both problems. Also, by accelerating the synthesis process, the opportunity for agglomeration would also be minimized. In addition, the rapid pyrolysis method used allows the syntheses to be completed in a short period of time (5 min of reaction) by immersion in a fluidized-bed reactor that provides a fast heating and a high homogeneity in the heating environment [23, 24] . The structure of the silica hosting matrix allowed the synthesis of undoped and N-doped CNDs simply by changing the nature of the precursor hosted in the pores. On the other hand, the high aspect ratio of the nanorods provides a longer diffusion path favoring a high degree of pyrolysis within the pores. Furthermore, the CNDs were successfully retrieved from the mesoporous template by simple ultrasonication and in the absence of additional chemical treatments involving the digestion of the template. The influence of the incorporation of dopants such as nitrogen, which is known to alter the optoelectronic characteristics of CNDs [25, 26] , has been evaluated by a thorough analysis of the chemical and optical properties of both products, undoped and N-doped CNDs.
Experimental

Chemicals
Tetraethylorthosilicate (TEOS, 98%), hydrochloric acid (HCl, 37%), ammonium fluoride (NH 4 F, 98%), heptane (99%), poly(-ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) average M n~5 800 (Pluronic ® P-123), lithium chloride anhydrous (LiCl, 99%), sodium chloride (NaCl, 99%), potassium nitrate (KNO 3 , 99%), citric acid (CA, 99.5%) and ethylenediaminetetraacetic acid (EDTA, 99.995%) were obtained from Sigma-Aldrich. All chemicals were of analytical purity grade.
Synthesis of ordered mesoporous silica nanorods
Ordered mesoporous silica nanorods were prepared by a slightly modified hydrothermal synthesis according to previously reported procedure [27] . In a typical synthesis, 1.2 g of P-123 and 0.014 g of NH 4 F were first dissolved at 20 C in 40 mL of HCl (1.75 M) solution under stirring. Upon complete dissolution, 2.75 mL of TEOS and 8.5 mL of heptane were added drop wise and left under stirring for 8 min. The aged precursor mixture was hydrothermally heated at 100 C for 24 h in a Teflon-lined autoclave. The solid product was then filtered, washed three times with distilled water, and dried at 60 C overnight. The removal of the organic template was carried out by calcination with a heating ramp of 1 C min À1 up to 550 C and a dwell time of 6 h in flowing air.
Synthesis of undoped and N-doped carbon nanodots
In a typical experiment, 200 mg of the calcined silica nanorods and 100 mg of the selected organic precursor (citric acid or EDTA) were mixed and sonicated in 0.5 mL of a solution containing NaCl, LiCl and KNO 3 (mass ratio 20:5:5). The mixture was dried in an oven at 60 C for 10 min and a fraction of the resulting powder (20 mg) was placed in a quartz capillary (Ø in ¼ 8 mm) designed with inlet-outlet outfits (Ø in ¼ 6 mm) for inert gas feeding (nitrogen flow rate 3 L h À1 ). The capillary tube was introduced inside a sand fluidized bed (8 cm bed height) used to induce the formation of a bubbling fluidized bed via air bubbling (flow feeding rate 15 L h À1 ) (see Fig. 1 ). This fluidized bed configuration promotes a rapid and homogeneous heating during the rapid pyrolysis process carried out by immersion of the tubular reactor containing the mesoporous solids inside the bubbling fluidized bed set at 500 C under the inert atmosphere provided by nitrogen. The fluidized bed was kept at 500 C for 5 min and allowed to cool down to room temperature.
After the flash pyrolysis process, a brownish-pale yellow solid was obtained. This powdered solid was extensively rinsed and ultrasonicated in water for 15 min to facilitate the release of the carbon nanostructures generated within the silica nanoreactor. The supernatant containing the CNDs was passed through a 10 nm cutoff filter. The final yellow solution containing the CNDs was stored without any further treatment prior to use. The experiments have been performed by the platform of Production of Biomaterials and Nanoparticles of the NANBIOSIS ICTS, more specifically by the Nanoparticle Synthesis Unit of the CIBER in BioEngineering, Biomaterials & Nanomedicine (CIBER-BBN).
Characterization techniques
The morphologies and particle size distributions were determined by transmission electron microscopy (TEM) (FEI Tecnai T20 and Titan 3 High-Base operated at 200 kV and 300 kV, respectively).
To prepare the samples, the nanoparticle suspensions were diluted with water prior drop-casting on a holey copper grid. The average size distribution of CNDs was statistically estimated over 200 particle counts. The surface chemistry analysis of the nanoparticles was carried out by Fourier transform infrared (FTIR) spectroscopy using a Bruker Vertex 70 FTIR spectrometer using the horizontal attenuated total reflectance (ATR) mode and by X-ray photoelectron spectroscopy (XPS) with an Axis Ultra DLD (Kratos Tech.). A monochromatic Al Ka source (1486.6 eV) was employed with multiple runs at 12 kV, 10 mA and pass energy of 20 eV. The binding energies were calibrated to the internal C1s (284.2 eV) standard. Curve-fittings were performed with CasaXPS software, using a weighted sum of Lorentzian and Gaussian components after Shirley background subtraction. Raman spectra were acquired with a Laser Raman WiTec Alpha 300 spectrometer using the green exciting radiation (532 nm) from an Ar þ ion laser. All measurements were performed at room temperature. The PLE spectra of concentrated undoped and N-doped CNDs samples were measured using a Horiba Fluorolog-21 spectrofluorometer with a xenon lamp as an excitation source. Absorption measurements of these samples were conducted with a Perkin Elmer UVeVis Lambda 950 spectrometer. To prevent absorption saturation in the high absorption regime, we diluted the above undoped and N-doped colloidal samples 15 and 10 times, respectively. The absolute photoluminescence quantum yield (PL QY) measurements were performed in a Newport integrating sphere in order to avoid problems dealing with directionality of reflectance, scattering and emission from these samples; a xenon lamp coupled to a Solar MSA130 monochromator was used to reach a stable and low excitation intensity regime. We used the 7.5 cm and 10 cm integrating spheres to measure PL QY of solid state and colloidal samples, respectively. The details can be found in the Supporting Information.
The nanosecond PL dynamics were measured by using the frequency-doubled output of a tunable Ti:sapphire laser system (Chameleon Ultra, Coherent) providing 140 fs pulses at l exc ¼ 360 nm with the repetition frequency of 8 MHz, and the PL emission was detected using a Newport CS260-02 monochromator coupled to a MCP Hamamatsu detector Hamamatsu (R3809U-51).
The PL dynamics were investigated at 430, 445 and 460 nm. For each of them, 2 different excitation powers were employed to validate the linear excitation regime in terms of the relevant parallel PL dynamic traces (in logarithmic scale), as can be seen in Fig. S1 . To calculate the lifetime from the dynamics traces, we divide the time window into 2 parts:
(1) For relatively long delay times (multiple nanoseconds), the decay dynamics trace follows a single exponential decay:
With I 0 the initial amplitude, t the delay time, I BGN the background signal and t single is the single exponential lifetime.
(2) For short time delays, directly after the pulse, the PL mechanism is fitted in terms of the sum of a stretch exponential and the before mentioned single exponential function:
With I 1 is the amplitude of the stretch exponential function, b the stretching exponent and t stretch the lifetime of the stretched function. images of the SBA-15 nanorods, respectively). Calcination was required to remove the P-123 surfactant used as structuring agent and release the pores. After calcination, the SBA-15 nanorods were immersed in a suspension containing different salts (see Experimental Section) and the organic precursors to be loaded within the channels of the porous support (either citric acid or EDTA containing amine groups to promote N-doping). Subsequently, the loaded SBA-15 pellets were subjected to rapid pyrolysis treatment by immersion within a bubbling fluidized sand bed at 500 C in the presence of an inert atmosphere of nitrogen. Thermogravimetric analysis revealed that an effective loading of the organic precursors was successfully achieved (up to 33% wt. loading that diminished to approximately 25% wt. after the pyrolysis treatment).
This reactor configuration enabled the effective pyrolysis of the organic precursors selected as carbon sources and the formation of multiple CNDsencased within the channels of the silica nanoreactor after only 5 min of reaction, as shown in Fig. 2c and d. Highresolution TEM analysis of the freestanding CNDs further corroborates their crystalline structure (Figs. 2e, f and 3c, d ). Lattice spacings of 0.210 nm and 0.180 nm corresponding to (100) and (102) diffraction planes of graphite have been identified in Fig. 3c . Likewise, the N-doped CNDs also exhibited a similar crystallinity in spite of their lower mean sizes and 0.204 nm spacings of the (101) diffraction planes in graphite have been also identified in selected nanoparticles (Fig. 3d ). In addition, Fig. 3a and b and S4 show the extremely good self-assembly layers of the freestanding CNDs successfully retrieved from the rod-shaped SBA-15 nanotemplates after rinsing, ultrasonication and filtration steps (see Fig. 1 and Experimental Section). This is attributable to the narrow size distribution of the CNDs estimated as 3.4 ± 0.4 nm and 2.3 ± 0.3 nm for the samples retrieved from CA and EDTA initial carbon precursors, respectively (Fig. 3 ). The differences observed for both carbon types in terms of average diameters are strongly dependent on the specific carbonization-passivation process for each organic precursor, as demonstrated in previous reports [28, 29] . Average CNDs concentrations within the range of 1.00e1.25 mg mL À1 were typically obtained with estimated 80% extraction efficiencies. No evidences of other organic aggregates could be detected by TEM inspection. Furthermore, the high pore diameter of the synthesized SBA-15 nanorods (8.43 nm determined by BET) has probably enabled a more straightforward release of the newly formed CNDs in contrast with former silica supports where chemical attacks and digestions were necessary to dissolve the inorganic templates and free the carbogenic cores [20, 21] . The sample derived from CA will be hereafter labeled as undoped CNDs and the dots obtained from EDTA will be referred as N-doped CNDs.
The surface chemical composition of the CNDs was analyzed by X-ray photoelectron spectroscopy (XPS) resulting in 73.5% C and 26.5% O for the undoped CNDs and 71.5% C, 27.6% O and 0.9% N for the N-doped counterparts. Fig. 4 compares the high resolution C1s, O1s and N1s X-ray photoemission spectra corresponding to the undoped and the N-doped CNDs, respectively. Using curve-fitting analysis, the C1s contribution of the undoped CNDs can be mainly assigned to CeC bonds at 284.2 eV (37% intensity contribution) and to CeO (hydroxyl, ether-like) groups at 285.5 eV (28% contribution). An additional and minor contribution of more oxidized species (i.e. carbonyl and carboxylic) at 287 and 288.9 eV further confirms the high presence of surface oxidized moieties dominating the first layers of the undoped CNDs. On the contrary, the N-CND sample shows a much lower contribution of highly oxidized species and its second major contribution is broader and shifted to higher binding energies (BEs). This can be attributed to the presence of CeOeC, CeOH and/or CeN species [30] . The O1s spectra show two main contributions of C/O species. The first one located at~532.8 eV is usually associated to oxygen atoms bonded to C through sp 2 orbitals (i.e. aromatic species, carboxylic species) while the second is centered at~531.5 eV and it is tentatively assigned to oxygen bonded to carbon through aliphatic sp 3 orbitals [31, 32] . The relative contribution of each peak further corroborates the major presence of sp 3 bond-type in the N-doped sample.
Finally, the evaluation of the N1s region confirms the presence of N within the carbon nanostructure prepared from the EDTA source and the negligible presence of any type of species in the undoped CNDs generated from CA. The peak at 399.3 eV can be attributed to N intercalated in terminal or bridge positions of the carbon network according to the criteria of Pels and Sanchez-Lopez [33, 34] . Raman spectroscopy can be also used as a tool for the surface characterization of partially ordered carbon materials with an estimated analysis depth of 100 nm. The first-order Raman spectra corresponding to both CND samples reveal a similar pattern with two relatively broad bands centered at~1350 cm À1 and~1580 cm with certain overlapping between them that are typically denoted as D band (typical of structural disorder and defects and sp 3 coordination) and G band (typical of graphitic order and sp 2 bonding), respectively (see Fig. S5 ). It is noteworthy that both samples seem to show a third contribution located at~1505 cm À1 which has been previously denoted as D band and associated with amorphous sp 2 -bonded forms of carbon interstitial defects, thereby pointing out to the existence of outer defective layers in CNDs [32] . The FTIR spectrum (Fig. S6) , confirms the presence of N-doped species potentially attributable to amide, secondary amine or carbamate groups [30, 33, 34] .
Optical characterization of colloidal undoped and N-doped CNDs
In Fig. 5 we present the optical characterization of the waterdispersed CNDs. Both undoped (Fig. 5a) and N-doped (Fig. 5c ) CNDs show a strong optical absorption for UV excitations (<320 nm) with an absorption tail extending to the visible regime (absorption spectra depicted by the black dashed lines), as often observed for CNDs [1] . Typically, p-p* (C]C), n-p* (C]O) and s -p* transitions can be found around excitation wavelengths of 230e250, 300, and 330 nm, respectively [35, 36] . While we could not separate the contributions of these transitions, a distinct band appears at around 320 nm for the N-doped CNDs, which is attributed to the n-p* transition induced by the amino groups at the surface [37] . The absorption enrichment due to the extra n-p* transition is functional for photonic properties as it leads to emission enhancement (Fig. S7) . Both colloidal systems show identical blue emission with the PL maximum around 420 nm. The origin of the emission of CNDs remains under debate, and could be the (combined) result of the following mechanisms: (i) the carbon core-related origin of emission resulting from the p-p* transition of sp 2 clusters assisted by the QCE [1, 38] , (ii) the functional groups, surface states which behave as energy traps [39] . On one hand, we note that oxygen functional groups are generally considered to facilitate green-shifted emissions [40] . On the other hand, in first instance, the QCE model seems to be tackled by the sizeindependent emission as the undoped and N-doped CNDs have different average sizes. This can however be explained by the formation of several isolated sp 2 clusters within the carbon matrix which are responsible for the emission, with their size being independent of the total CND size. This is expected from the existence of both sp 2 and sp 3 bonded carbon (as observed by Raman spectroscopy in Fig. S5 ) and it is in line with other studies [36, 41] . Furthermore, the PL tunability with excitation wavelength (visualized by the blue dashed lines in Fig. 5b and d) is generally found in carbon nanostructures [42, 43] . It is attributed to multiple effects, such as the QCE, 33 surface traps, 39 or reorganization of the solvent's polarization [42e45], and is therefore still under debate [11] . According with our results, we tend to explain our excitationdependence behavior from a simple down-shifting perspective; for broad emission spectra (whether originated from the QCE of sizedispersed sp 2 islands or simply because of surface traps), color tunability is inevitably achieved by down-conversion of excitations within the excitation spectrum. To our knowledge, all observations of excitation-dependent PL on CNDs are achieved by exciting the sample within the PL spectrum. This model, which we actually perceive as a PL shifting artifact, would explain most e if not all e interpretations of color tunability upon excitation [46e48]. This hypothesis is further strengthened by the fact that excitationindependent behavior is solely observed for excitations outside the PL spectrum [35, 46] .
Comparative optical behavior of colloidal and solid state CNDs
To exclude any potential interference of the solvent's polarity with the data presented in Fig. 5 , we will further work with solid state samples. Upon drop casting the samples, the optical density decreases significantly but the feature of the n-p* transition for the N-doped CNDs remains present (black dashed lines in Fig. 6a and c) . The PL spectra of both samples, undoped and N-doped CNDs, now show a small red-shift ( Fig. 6b and d) . The emission at these longer wavelengths is typically related to the hybridized oxygen functional groups with the carbon core [49] . Hence, one possibility is that the oxidized surface states start dominating the emission process upon drop casting, as suggested before [46] . Another scenario that would red-shift the emission of the solid state sample is a change in the photonic mode density. Thirdly, energy transfer, either by reabsorption or by F€ orster resonant energy transfer (as often observed for semiconductor nanoparticles), could be another reason [50, 51] . Since the drop casted CNDs are closely packed, both energy transfer processes would be seriously enhanced. Note that for systems that emit with efficiencies less than 100%, an enhancement of the energy transfer processes would result in a decrease of the PL quantum yield (PL QY); effect that will be addressed in the last part of the Results and Discussion section.
The so-called "giant red-edge effect" is used to explain the violation of Kasha's rule [52] which states that the fluorescence is independent on the excitation energy, by the reorganization of the solvent's polarity perpendicular to the dipole moment of the excited CNDs. We can test this model with our samples, since the solid state and colloidal forms of the CNDs have similar emission spectra (only a small red-shift appears which might be the result, as we mention earlier, of energy transfer or changes in the functional groups emission). According to the "giant red-edge effect", the excitation-dependent behavior should be completely different (possibly even absent) for the solid state sample due to the absence of the polar solvent. However, both sample forms exhibit similar excitation-dependent PL spectra. This verifies that the excitationdependent PL shift is not the result of the polarity of the solvent, but seems to result from down-shifting of excitations within the spectrum itself.
The time-resolved PL measurements of CNDs (l exc ¼ 360 nm, l det ¼ 430 nm) are shown in Fig. 7 . Typically, single, double and triple exponential decay fitting curves are used to describe the behavior of CND PL lifetimes [39, 49] . We clearly observe that the generated carriers decay through two mechanisms (see details in Supporting Information, Figs. S1 and S2). For short time-scales (up to several ns), the decay has a stretched exponential behavior, with the stretching coefficient b of around 0.7. The average lifetime of the stretched component (derived by making use of Guillois et al. [53] ) varies from 0.55 to 0.95 ns depending on the sample state and the detection wavelength. At longer time-scales, the decay is singleexponential in nature, with a lifetime of around 5 ns for both solid state samples while it is a bit longer for colloidal samples, and it also increases as consequence of N-doping. The clear distinction of the two decay mechanisms implies that the generated carriers are separated into two different systems. The data can therefore not be explained by two decay paths that work on the same semi-stable state. Hence, a simple model of the competition of radiative and non-radiative recombination is not applicable. To our knowledge, the behavior for longer time-scales (being a single-exponential and the relation to the N-doping) suggests that it is originated from a molecular transition. Actually, single-exponential decay behaviors have been assigned to emission of C]O groups in COOH on Ndoped CND surfaces, with lifetimes in the order of 15 ns, quite similar to our results [39] .
In Fig. 8 , we present the PL QY values as a function of the excitation wavelength, for the undoped and N-doped CNDs in colloidal and solid state. All samples show PL QY values in the range of 1e5%. Two main observations can be made: firstly, the N-doped CNDs (colloidal and solid state) have slightly higher emission efficiencies than their undoped counterparts; secondly, the emission efficiency increases upon drop casting. This latter observation rules out the energy transfer processes as mechanisms responsible for the spectral shifts observed in Fig. 6b and d since they would inevitably decrease the PL QY. We could explain this slight PL QY increase upon drop casting in line with Hao et al. [47] , who stated that a transition of the PL mechanism arises due to more emissionefficient oxidized surface states. This also agrees with the slight red-shift observed in Fig. 6b and d . Regarding the first observation, it is well known that core emission can be improved by the incorporation of nitrogen [25, 26] . Hence, the observed slight increase of the PL QY values of the N-doped CNDs suggests that the emission is still partly originated from the carbon core p-p* transition of the sp 2 clusters (facilitated by the QCE).
Conclusions
The combination of a fluidized bed-assisted rapid pyrolysis with the confinement of precursors within an ordered nanoporous structure has been successfully validated as an efficient route to obtain highly uniform blue emissive undoped and N-doped CNDs with average sizes below 4 nm. This provided a uniform distribution of nanoparticles that allowed us to perform an in-depth study of their PL properties. The fluidized-bed assisted rapid pyrolysis represents a very convenient and appealing method given the short reactions required (below 6 min) and the highly reproducible reaction conditions afforded by the fluidizing environment. Furthermore, a thorough optical characterization of the generated CNDs both in colloidal and solid state has demonstrated that their emission (with an efficiency of 1e5%) originates from a combination of the QCE and the oxidized surface states. In addition, Ndoping introduces resonant absorption states which participate in emission. By studying the behavior of different CNDs sample forms, colloidal and solid state, we have been able to explain the excitation-dependent/-independent mechanism with a simple model based on down-converting excitations in a broad emission spectrum, also valid for other CNDs reported in the literature.
